Introduction Emerging evidence suggests that effective treatment of glioblastoma (GBM), the most common and deadly form of adult primary brain cancer, will likely require concurrent treatment of multiple aspects of tumor pathobiology to overcome tumor heterogeneity and the complex tumor-supporting microenvironment. Recent studies in non-central nervous system (CNS) tumor cells have demonstrated that oxaliplatin (OXA) can induce multi-faceted anti-tumor effects, in particular at drug concentrations below those required to induce apoptosis. These findings motivated re-investigation of OXA for the treatment of GBM. Methods The effects of OXA on murine KR158 and GL261 glioma cells including cell growth, cell death, inhibition of signal transducer and activator of transcription (STAT) activity, O-6-methylguanine-DNA methyltransferase (MGMT) expression, and immunogenic cell death (ICD) initiation, were evaluated by cytotoxicity assays, Western blot analysis, STAT3-luciferase reporter assays, qRT-PCR assays, and flow cytometry. Chemical inhibitors of endoplasmic reticulum (ER) stress were used to investigate the contribution of this cell damage response to the observed OXA effects. The effect of OXA on bone marrowderived macrophages (BMDM) exposed to glioma conditioned media (GCM) was also analyzed by Western blot analysis. Results We identified the OXA concentration threshold for induction of apoptosis and from this determined the drug dose and treatment period for sub-cytotoxic treatments of glioma cells. Under these experimental conditions, OXA reduced STAT3 activity, reduced MGMT levels and increased temozolomide sensitivity. In addition, there was evidence of immunogenic cell death (elevated EIF2α phosphorylation and calreticulin exposure) following prolonged OXA treatment. Notably, inhibition of ER stress reversed the OXA-mediated inhibition of STAT3 activity and MGMT expression in the tumor cells. In BMDMs exposed to GCM, OXA also reduced levels of phosphorylated STAT3 and decreased expression of Arginase 1, an enzyme known to contribute to pro-tumor functions in the tumor-immune environment. Conclusions OXA can induce notable multi-faceted biological effects in glioma cells and BMDMs at relatively low drug concentrations. These findings may have significant therapeutic relevance against GBM and warrant further investigation.
Introduction
Gliomas are one of the most common primary central nervous system (CNS) tumors, and glioblastoma (GBM) is one of the most deadly and difficult-to-treat glioma types. Key features of GBM include cellular and molecular heterogeneity, tumor cell invasion into functioning brain tissue, and a highly immunosuppressive tumor microenvironment (TME) [1, 2] . GBM is difficult-to-treat in part because many anti-GBM drugs (1) cause major toxicities in the brain and/or body at high doses, (2) do not cross the blood-brain barrier, or (3) fail to concurrently address complex aspects of the disease pathobiology. Recent analyses of pre-clinical and clinical studies strongly suggest that effective GBM treatment will require multi-modal therapeutic effects to counteract heterogeneous, often redundant oncologic processes in the TME [1] [2] [3] [4] .
Recently, platinum-based drugs, traditionally considered DNA crosslinking chemotherapeutics, have been shown to promote anti-tumor effects independent of inducing DNA damage and apoptosis. Interestingly, these 'alternative' effects appear to occur at lower, less toxic drug concentrations and include inhibition of transcription factors such as the signal transducer and activators of transcription (STAT) proteins [5] [6] [7] , immunomodulation [8, 9] , and disruption of ribosome biogenesis [10] [11] [12] . Some of the alternative effects were inferred through clinical observations in non-CNS cancers over the past 40 years and are now thought to drive some of the remarkable patient responses that have been observed [8, 13, 14] . In particular, oxaliplatin (OXA) has been found to induce multi-faceted alternative effects more than the other commonly used platinum-based drugs, cisplatin and carboplatin [14, 15] . Accordingly, we sought to re-investigate the potential of lower, less cytotoxic OXA doses for the treatment of GBM given the need for multifaceted anti-GBM effects and the potentially lower risks associated with toxicity in the CNS. Our approach in this study was to begin with in vitro analyses of both glioma cells and glioma conditioned media (GCM)-treated bone marrow-derived macrophages (BMDM), a model for tumorassociated macrophages, given the abundance and pathobiological importance of these cell populations in the GBM microenvironment [16] [17] [18] .
Materials and methods

Cell culture of KR158-luciferase and GL261-luciferase glioma cells and generation of KR158 STAT3 luciferase reporter cell line
The murine KR158 and KR158-luciferase (luc) glioma cell lines were obtained from Dr. Tyler Jacks (Massachusetts Institute of Technology, Cambridge, MA) and murine GL261-luc glioma cells were from Dr. Michael Lim (Johns Hopkins School of Medicine, Baltimore, MD). Cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM l-glutamine and 1% penicillin-streptomycin. KR158 cells were transfected with a STAT3-luciferase reporter plasmid (pGL4.47[luc2/SIE/Hygro]; Promega) using Lipofectamine (Thermofisher) and a stably-transfected pooled cell line was isolated by hygromycin B (Corning) selection (500 µg/mL).
Cell growth assays
KR158-luc or GL261-luc cells were seeded in triplicate in 96-well cell culture dishes in normal growth conditions. Cells were then left untreated or treated with 50, 100, 200, 300, 400 or 500 µM oxaliplatin (OXA; Sigma-Aldrich) dissolved in DMEM for 24 h and then WST-1 proliferation agent (Sigma-Aldrich) was added to the media. Cell growth was then determined by absorbance readings according to the manufacturer's recommendations.
Cell death assays
KR158-luc or GL261-luc cells were seeded in triplicate in 96-well cell culture dishes in normal growth conditions. Cells were then left untreated or treated with OXA (same doses as above) for 24 h. Lactate dehydrogenase (LDH) cytotoxicity assay (Sigma-Aldrich) was performed according to the manufacturer's recommendations. In experiments involving temozolomide (TMZ), KR158-luc cells were seeded in triplicate in 96-well cell culture dishes in normal growth conditions. Cells were then either left untreated, or pre-treated with 200 µM OXA for 9 h. Both untreated and OXA pre-treated cells were then treated with either 0, 0.5, 1, 2, 3, 4, or 5 mM TMZ (Sigma-Aldrich) for 48 h. Cell viability was then measured by MTT assay (Trevigen) according to the manufacturer's recommendations.
Western blot analysis
Cells were harvested using 0.05% trypsin and lysed using radioimmunoprecipitation analysis (RIPA) lysis buffer (Amresco) supplemented with a protease/phosphatase inhibitor cocktail (Cell Signaling Technology (CST)). A bicinchoninic acid (BCA) protein assay (Pierce Protein Biology) was used to determine the protein concentration of each lysate and immunoblotting was performed as described [19] using the following primary antibodies: actin, CD86, cleaved PARP, GAPDH, iNOS, phospho (p) STAT3 (Y-705), STAT3, p-EIF2α (S-51), EIF2 α, pSTAT1 (Y-701), STAT1, pSTAT5 (Y-694), STAT5, pSTAT6 (Y-641), STAT6, and YM1 (all from CST). The O-6-methylguanine-DNA methyl transferase (MGMT) antibody was obtained from Enzo Life Sciences.
STAT3 luciferase reporter assays
KR158 STAT3-luciferase (luc) reporter cells were seeded at a density 2 × 10 5 and grown in 6-well culture dishes. Cells were then left untreated or treated with 200 µM OXA, cisplatin (CDDP), bis-chloroethylnitrosourea (BCNU), or TMZ unless otherwise indicated for either 9 h or the length of time indicated. All drugs were dissolved in DMEM. Cells were pelleted by spinning in a microcentrifuge at 2000 rpm for 3 min in clear microcentrifuge tubes and lysed using the One-Glo Luciferase Assay System (Promega). Luciferase activity was determined using the One-Glo Luciferase Assay System (Promega) using a Glomax 20/20 luminometer.
Flow cytometry
KR158-luc cells were seeded in 6-well cell culture dishes at a density of 2 × 10 5 per well and either left untreated or treated with 200 µM OXA for 24 h. Then cells were then collected, incubated with a fluorescent PE-conjugated calreticulin antibody (VWR) at a 1:100 dilution, and analyzed for cell surface calreticulin using a BD LSRFortessa flow cytometer.
Isolation of bone marrow-derived macrophages and treatment conditions
Bone marrow-derived myeloid progenitor cells were isolated by harvesting marrow from the femurs of 5-6-weekold C57BL/6 mice. Non-adherent cells were collected by centrifugation and red blood cells lysed. Cells were then cultured in α-MEM with 20 ng/mL macrophage colony stimulating factor (M-CSF) (R & D Systems) for 3 days to generate bone marrow-derived, M-CSF dependent macrophages (BMDMs). Glioma conditioned media (GCM) was obtained by culturing KR158-luc glioma cells in α-MEM for 72 h. Media was then removed and centrifuged to remove cells and cell debris. Cultured BMDMs were then either left untreated or treated with interferon (IFN)-γ plus lipopolysaccharide (LPS) (to promote M1/ anti-tumorigenic phenotype), IL-4 (to promote M2/protumorigenic phenotype), or GCM for 72 h.
Quantitative real time polymerase chain reaction (qRT-PCR) of MGMT expression
To analyze the expression of MGMT mRNA, RNA was isolated from KR158 cell lysates using an RNAeasy RNA Isolation mini kit (Qiagen). Next, cDNA was generated using a first strand cDNA synthesis kit (ThermoFisher). Finally, qRT-PCR was performed using the Mm01269876_ m1 taqman MGMT gene expression assay (ThermoFisher) and a 7900HT PCR machine (ThermoFisher). Data was normalized to GAPDH expression (Mm99999915_g) (ThermoFisher).
Statistics
Statistical analysis of the data was conducted using a twotailed Student's t-test using unequal variance for pairwise comparisons. Two-way ANOVA was performed for multiple comparisons. Values are given as mean ± standard deviation. A level of P < 0.05 was considered statistically significant.
Results
OXA dose-response experiments using murine glioma cells reveals a sub-cytotoxic dose threshold
Recent studies involving non-CNS cancers have suggested that OXA may have multi-factorial anti-cancer effects using drug concentrations that are not directly cytotoxic [10, 11] . To determine if OXA could exhibit similar activities in glioma cells, we first defined a dose range that did not induce apoptosis and cell death. Murine KR158-luc and GL261-luc cells were treated with increasing concentrations of OXA for 24 h and cell growth and death assays were conducted. OXA concentrations up to 200 µM minimally affected glioma cell growth (Fig. 1a, b) . Additionally, OXA concentrations up to 500 µM did not promote cell death as monitored by LDH release (Fig. 1c, d ). To confirm that OXA was not inducing glioma cell apoptosis under these treatment conditions, KR158-luc and GL261-luc cells were treated with increasing OXA concentrations and poly (ADP-ribose) polymerase (PARP) cleavage was monitored by Western blot analysis. PARP cleavage was only detectable at 1 mM OXA, the highest dose we tested (Fig. 1e, f) . In consideration of these findings, we used an OXA concentration of 200 µM and a treatment period of less than 24 h in our subsequent experiments to probe potential alternative effects of this drug.
OXA treatment of glioma cells reduces STAT3 activity
Given the considerable importance of STAT3 signaling in glioma biology [20] , we evaluated the effects of OXA exposure on STAT3 activity. First, we performed a doseresponse experiment using KR158-luc cells and drug concentrations ranging from 25 to 200 µM. Cells were harvested at 9 h post-drug addition and phospho (p)-STAT3 levels were examined by Western blot analysis. We found that pSTAT3 levels decreased in a dose-responsive manner (Fig. 2a) . To determine the time course of pSTAT3 reduction we treated cells with 200 µM OXA for 3, 6, 9, or 12 h and blotted for pSTAT3. We found that pSTAT3 levels were undetectable by 3 h of OXA treatment, the first time point examined (Fig. 2b) . OXA also reduced pSTAT3 levels with a similar time-course when added to GL261-luc cells (Fig. S1 ).
Although STAT3 tyrosine phosphorylation is a commonly used read-out for STAT3 transcriptional activity [21] , we wanted to confirm that OXA inhibits STAT3 function using an additional experimental approach. To this end, KR158 cells were transfected with a STAT3-luciferase (luc) reporter construct and a stably-transfected cell line was established. We first treated KR158 STAT3-luc reporter cells with increasing concentrations of OXA for 9 h and found that STAT3 activity levels decreased in a dose-responsive manner (Fig. 2c) . The KR158 STAT3-luc reporter cells were then treated with 200 µM of OXA for various lengths of time and luciferase activity was compared to that of untreated reporter cells. We found that STAT3 activity was decreased at 3 h after initiation of drug treatment (Fig. 2d) .
To determine if other platinum compounds or non-platinum-based chemotherapeutics could also regulate glioma STAT3 activity we treated KR158 STAT3-luc cells with cisplatin (CDDP), bis-chloroethylnitrosourea (BCNU), or temozolomide (TMZ). Cisplatin was the first FDAapproved platinum-based chemotherapeutic but has some notable differences in cellular effects compared to OXA [10] . TMZ and BCNU are the two primary FDA-approved chemotherapeutics used clinically for the treatment of GBM. The Janus kinase (JAK)2/3 inhibitor WP1066 served as a positive control [22] . We found that STAT3 activity was not affected when cells were treated with CDDP, TMZ, or BCNU (Fig. 2e) . We then determined whether OXA could reduce JAK2 phosphorylation, the primary JAK implicated in STAT3 activation in glioma cells [20] . KR158-luc cells were treated with OXA and analyzed for pJAK2 levels by Western blot. We did not detect changes in pJAK2 levels after OXA treatment (Fig. S2) .
We also analyzed the phosphorylation status of three other STAT family members (STAT1, STAT5, and STAT6) implicated in glioma biology after OXA treatment using the same experimental conditions used for concentrations of OXA for 24 h and then cell growth was determined using WST-1 reagent. b GL261-luc cells were treated as described for panel (a). c KR158-luc cells were treated with the indicated concentrations of OXA for 24 h and then cell death was determined using an LDH cytotoxicity assay. Lysis buffer serves as a positive control and indicates the maximum LDH released, and thus 100% cell death. d GL261-luc cells were treated as described for panel (c). e KR158-luc cells were treated with the indicated concentrations of OXA. Cell lysates were then collected and analyzed for cleaved PARP and GAPDH levels by Western blot. f GL261-luc cells were treated as described for panel (e). In a-d the values shown are the mean ± SD of three individual experiments for 9 h). We found that pSTAT1 and pSTAT6 protein levels, but not pSTAT5 levels, were reduced after drug exposure (Fig. S3) .
OXA treatment of glioma cells reduces MGMT expression and sensitizes cells to TMZ exposure
We next determined if OXA altered expression of the DNA repair enzyme O-6-methylguanine-DNA methyltransferase (MGMT), which is largely responsible for resistance to the GBM standard-of-care chemotherapeutic TMZ [23, 24] . We found that OXA treatment of KR158-luc cells reduced MGMT protein (Fig. 3a) and mRNA (Fig. 3b) levels. In contrast, TMZ treatment had no effect on MGMT mRNA expression (Fig. 3b) . We then investigated the potential for OXA to sensitize KR158-luc cells to TMZ. KR158-luc cells were either left untreated or pre-treated with 200 µM OXA for 9 h. Both untreated cells and OXA pre-treated cells were then treated with increasing concentrations of TMZ for 48 h and cell viability was determined. OXA alone did not affect cell viability, as expected, while TMZ alone only had an effect on viability at high doses (Fig. 3c) . However, combined OXA and TMZ treatment significantly decreased cell viability compared to TMZ alone (reduction in IC 50 from 4.5 to 0.33 mM) (Fig. 3c) .
Endoplasmic reticulum stress is required for OXA-mediated reduction of pSTAT3 levels, downregulation of MGMT expression, and initiation of immunogenic cell death in glioma cells
Recent studies using non-CNS cancer cells have identified cellular stress as a key mediator of the chemotherapeutic effects of OXA [10, 25, 26] . Indeed, a high degree of endoplasmic reticulum (ER) stress induction may distinguish this drug from other platinum-based chemotherapeutics [10] . Therefore, to determine if protecting cells from ER stress would prevent STAT3 inhibition by OXA, we first treated KR158-luc cells with salubrinal (an ER stress inhibitor [27] ), OXA, or both salubrinal and OXA for 9 h. Cells were harvested and pSTAT3 levels examined by Western blot analysis. We found that OXA did not reduce pSTAT3 (Fig. 4a) , suggesting that protecting the cell from ER stress prevents the reduction in STAT3 activity by OXA. To confirm that this was the case, we treated cells with 4-phenylbutyric acid (4-PBA), which protects cells from ER stress by directly reducing misfolded proteins within the ER [28] . Similar to the results using salubrinal, protecting the cell from ER stress using 4-PBA prevents the reduction in pSTAT3 levels by OXA (Fig. 4b) . ER stress has been shown to reduce MGMT expression [29] . Therefore, to determine if the downregulation of MGMT expression by OXA was also dependent on ER stress, we treated KR158-luc cells with either OXA, salubrinal, or OXA and salubrinal for 9 h and analyzed MGMT mRNA expression by qRT-PCR. Salubrinal alone did not affect MGMT mRNA levels (Fig. 4c) , but the combination of salubrinal and OXA prevented the OXA-mediated reduction in MGMT levels, suggesting a similar requirement for ER stress as noted for STAT3 inhibition.
OXA is reported to induce immunogenic cell death (ICD), a form of cell death resulting in increased immunogenicity of the dying cell, through ER stress [11, 12] . Therefore, we also investigated whether OXA treatment of glioma cells could activate pathways important for ICD. A crucial early step leading to ICD after OXA treatment is the phosphorylation of eukaryotic translation initiation factor 2α (EIF2α) [30] . To evaluate if OXA exposure altered EIF2α phosphorylation, KR158-luc cells were treated with salubrinal, OXA, or both salubrinal and OXA for 9 h. Cells were harvested and pEIF2α levels examined by Western blot analysis. We detected increased pEIF2α levels at 9 h of OXA treatment, and reduced pEIF2α levels with salubrinal cotreatment (Fig. 4d) .
A key requirement for ICD is the pre-apoptotic translocation of the ER chaperone calreticulin to the cell surface [30] . Exposure of calreticulin on the cell surface acts as an "eat-me" signal for phagocytic cells and is required for ICD to occur [30] . Therefore, to confirm OXA regulation of pathways leading to ICD in glioma cells, KR158-luc cells were either left untreated or treated with 200 µM OXA for 24 h and then evaluated for cell surface calreticulin expression by flow cytometry. We found that OXA treatment resulted in a 49% increase in mean cell calreticulin staining (Fig. 4e) . Our findings suggest ER stress is required for the multifaceted effects observed after OXA treatment of glioma cells (Fig. 4f) .
Glioma conditioned media treatment of BMDMs increases pSTAT3 and Arginase-1 levels and OXA treatment inhibits this cellular response
A significant portion of the GBM tumor mass is composed of infiltrating non-neoplastic cells. Infiltrating monocytes from the circulation and the brain resident macrophage-microglia-are the primary non-neoplastic cells in gliomas and these two immune cell populations compose as much as 30% of the tumor mass [16] [17] [18] . Factors released within the tumor microenvironment recruit and alter the phenotype and function of these myeloid cells, resulting in their polarization to a tumor supporting, pro-tumorigenic state [16] [17] [18] [31] [32] [33] . A major transcription factor controlling the co-option of tumor infiltrating myeloid cells is STAT3 [31] [32] [33] . We therefore sought to determine the impact of OXA on BMDM STAT3 phosphorylation and polarization after exposure to glioma conditioned media (GCM).
First, BMDMs were either left untreated, treated with LPS + IFNγ (to induce an M1, anti-tumorigenic macrophage phenotype), IL-4 (to induce an M2, pro-tumorigenic macrophage phenotype) or GCM. As expected, LPS + IFN-γ (Fig. 5a) . Exposure of BMDMs to KR158-luc GCM resulted in increased pSTAT3 levels as well as increased expression of arginase-1 and Ym-1, changes which indicate a shift to a tumor-supporting state (Fig. 5a ). We also found that OXA treatment of GCM-exposed BMDMs reduced pSTAT3 levels (Fig. 5b) . Considering the impact of STAT3 on macrophage phenotype and function [34] , we examined phenotypic markers of macrophage polarization after OXA treatment. OXA treatment had no effect on CD86 expression but reduced expression of arginase-1, an indicator of a pro-tumorigenic macrophage phenotype (Fig. 5c) . Our results regarding the effect of OXA treatment on murine glioma cells and GCM-exposed murine BMDMs are summarized in Fig. 5d .
Discussion
In this study, we found that OXA promotes a spectrum of biological effects independent from inducing apoptosis including inhibition of STAT3 activity, downregulation of MGMT expression, and initiation of ICD in glioma cells. We discovered that these first two effects were at least partially mediated by ER stress-a cell damage response process known to alter major cellular signaling nodes [12, 35] . Consistent with the MGMT expression data, pretreatment of tumor cells with OXA resulted in a significant increase in sensitivity to TMZ. Interestingly, we found that OXA also reduced pSTAT3 levels in GCM-exposed BMDMs and altered the expression of the enzyme arginase-1 in these cells, suggesting a shift in functional polarization toward an anti-tumor state. Taken together, these findings reveal intriguing multi-faceted therapeutic potential of OXA in the treatment of gliomas in this dosing context.
The major hurdle limiting successful use of platinumbased chemotherapeutics for glioma therapy is thought to be dose-limiting toxicities and minimal delivery into the CNS due to the blood brain barrier [14, 36] . Numerous efforts are underway to generate less-toxic "protected" platinum drug formulations such as Lipoplatin (liposomal cisplatin) for use against CNS and other tumors [37] . Despite this work and some promising results observed in clinical trials, numerous prior efforts to apply platinum-based chemotherapeutics for glioma therapy have been disappointing [38] [39] [40] [41] . New findings in this current study and others [5, 6, 10] related to the potential therapeutic effects of OXA at lower less toxic doses suggest that a major consideration in re-formulations of OXA should be maximizing the potential for multi-faceted 5 OXA treatment of GCM-exposed BMDMs reduces pSTAT3 levels and Arg1 expression. a BMDMs were then either left untreated (NT, no treatment) or treated with LPS + IFNγ (M1/anti-tumor phenotype control), IL-4 (M2/pro-tumor phenotype control), or KR158-luc GCM for 72 h. Cells were harvested and analyzed for CD86, Arg-1, Ym-1, pSTAT3, pSTAT6, and GAPDH levels by Western blot. b BMDMs were either left untreated (NT, no treatment), treated with KR158-luc GCM for 72 h, or treated with KR158-luc GCM for 72 h and then 200 µM OXA for 9 h. Cells were harvested and pSTAT3, STAT3, and GAPDH levels analyzed by Western blot. c BMDMs were either left untreated (NT, no treatment) or treated as in panel b, cell lysates were prepared, and, CD86, Arg-1, and GAPDH levels analyzed by Western blot. d Summary of OXA effects against glioma cells and GAMs. In glioma cells, OXA treatment inhibited STAT3 activity, induced ICD pathways including increased cell surface exposure of calreticulin (CALR), and downregulated MGMT expression. In GCM-exposed macrophages, OXA treatment reduced pSTAT3 levels and expression of arginase-1, a phenotypic marker of a pro-tumor macrophage 1 3 alternative effects, rather than maximizing cytotoxic drug concentrations in tumor tissues.
It is increasingly recognized that effective treatment of GBM will require multi-modal or combination strategies that concurrently counteract numerous aspects of the disease biology and TME. The two most abundant cells types in the TME are glioma cells and macrophages/microglia [16] [17] [18] . For this reason, we focused on these cells in this study. Our findings suggest that OXA may act at critical nodes of GBM pathobiology through induction of ER stress, leading to disruption of STAT3 activity, reduced expression of the DNA repair enzyme MGMT, and enhanced immunogenicity through ICD. While OXA has been shown previously to induce ER stress leading to ICD [15] , this study links OXA-induced ER stress to the inhibition of STAT3 and downregulation of MGMT, highlighting additional and important alternative effects of OXA. MGMT diminishes the effectiveness of TMZ, the standard chemotherapy for GBM, by repairing TMZ-induced DNA damage [23, 24] . As a result, MGMT has become a major therapeutic target for overcoming tumor resistance to the standard GBM treatment [23, 24] . Although, STAT3 inhibition in glioma cells has been shown to post-transcriptionally down-regulate MGMT expression [42] , we found OXA reduces MGMT mRNA expression, revealing that OXA may not only reduce MGMT independent of STAT3, but may also be therapeutically valuable as an MGMT inhibitor, especially considering our findings that OXA sensitizes tumor cells to TMZ.
An important next step is the evaluation of the multifaceted therapeutic effects of OXA in vivo using immunocompetent mouse or rat GBM models. Several studies have evaluated the effect of platinum-based chemotherapeutics, including OXA, after convection-enhanced delivery (CED), which significantly improves the delivery of drug to glioma cells compared to other delivery routes. However, local platinum-based drug delivery has been associated with adverse drug toxicity [43] [44] [45] [46] . To potentially overcome this toxicity, several studies have used nanoparticle formulations of platinum-based chemotherapeutics in combination with CED. Such formulations have been demonstrated to reduce toxicity and improve therapeutic efficacy in preclinical glioma models [43, 44, 46] . The in vivo evaluation of the multifaceted effects of OXA in vivo may need to include both nanoformulations and advanced delivery strategies, which in addition to improving therapeutic delivery and lowering toxicity, may enhance OXA effects by providing sustained OXA levels at the tumor site [43, 44] .
While this study uncovered new, potentially valuable antiglioma effects of OXA, there are some notable limitations. First, the two mouse glioma cell lines used here, GL261 (a chemically induced cancer line) and KR158 (derived from a tumor formed in NF1 and p53 conditional knockout mice), have been characterized extensively and used in numerous pre-clinical GBM studies [47] [48] [49] ; however, they are not human glioma cells. Second, while GCM-exposed BMDMs are frequently used as a model for tumor-associated macrophages [50, 51] , the broad and complex population of macrophages in human tumors [52] is not adequately represented by this simplified model. Lastly, the full extent of potentially positive and negative effects of OXA was not investigated here. Additional studies exploring transcriptomic and proteomic alterations in vivo, other potential mechanisms of these and other alternative OXA effects, and therapeutic efficacy experiments in vivo would be valuable. Ongoing and future drug re-purposing efforts aimed at new clinical applications of platinum-based drugs will likely benefit from considering strategies that harness the therapeutic potential of both alternative and direct cytotoxic effects.
